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We analyze the quantum transport properties of MAPbI3 within a tight-binding model. Charge carriers are
strongly scattered by the Fro¨hlich interaction with longitudinal optical phonon modes. This limits their mobili-
ties at room temperature to the order of 200 cm2/Vs. In the presence of additional extrinsic disorder the mobility
decreases and a large fraction of the electronic states at band edges can be localized. These states would be insu-
lating if the lattice were static, but their localization is broken by the dynamic disorder induced by the vibrations
of the longitudinal optical modes. This process of electrons and holes diffusion, driven by the lattice dynamics,
contributes to the unique electronic properties of this material.
PACS numbers: 72.10-d,72.15.Rn 72.50.-i,61.82.Fk
Metal halide perovskite have recently emerged as great ma-
terials for photovoltaic and optoelectronic devices1,2. The
rapid progresses obtained in these applications require also
to gain a better fundamental understanding of their electronic
properties. Therefore there is a need for improved theoret-
ical models in particular for the electronic transport , and
so far there is no consensus on a detailed theory of charge
transport in these materials3,4. Owing to their softness, the
very low phonons frequency and the evidence for anhar-
monicity a strong dynamic thermal disorder develops at room
temperature5–7. For a perfect crystal at room temperature the-
oretical investigations point toward the importance of the scat-
tering of charge carriers by longitudinal optical (LO) phonon
modes8. This coupling to LO modes could also lead to the
formation of large polarons. Although the mass renormaliza-
tion estimated to about 40 percent is moderate this polaronic
effect is often considered in the literature9–11. The dipolar
moment of Methylammonium (MA) has also been considered
as a possible source of scattering even though recent calcula-
tions suggest that the scattering by the associated dipolar field
has a limited effect on transport12. Other source of scattering
have also been considered related to an anharmonic behavior
of these crystals at room temperature13. Extrinsic disorder is
of course present in real systems but its effect is also difficult
to model.
In this letter we investigate the transport properties of elec-
trons and holes in MAPbI3 (MAPI) within a tight binding
model which allows to perform all the calculations of elec-
tronic transport in real space14–17. We take into account the
effect of intrinsic thermal disorder of the PbI3 matrix as well
as the dipolar field created by the MA cation. We use the re-
cently introduced analytical Drude-Anderson model18 which
is useful to interpret numerical or experimental results. From
this model we extract the basic characteristics of the quan-
tum transport such as scattering time, velocity correlation and
backscattering effect which are at the heart of quantum local-
ization. These results show that the polaronic state is not sta-
ble at room temperature and that the mobilities are determined
mainly by the Fro¨hlich scattering and by quantum localization
effects in a dynamic disorder regime. This dynamic disorder
tends to break the quantum localization by dephasing which
allows charge carriers diffusion. This process of diffusion is
neither a band like process nor a thermally activated hoping
and contributes to the unique properties of this material.
We use a tight binding model approximation to describe our
material. The Hamiltonian is written as:
Hˆ = ∑
iµσ
|iµσ〉εiµ 〈iµσ |+ ∑
iµ, jµ ′,σ
|iµσ〉 tiµ, jµ ′ 〈 jµ ′σ |
+ ∑
iµσ ,µ ′σ ′
|iµσ〉λiµσ ,µ ′σ ′ 〈iµ ′σ ′| ,
(1)
where εiµ is the onsite energy, of orbital µ on atom i, tiµ,, jµ ′
is the hopping integral between orbitals µ on atom i and or-
bital µ ′ on a neighboring atom j, and λiµσ ,µ ′σ ′ is the spin
orbit coupling between orbitals of the same atom, but of dif-
ferent spin σ and σ ′. The orbitals participating in transport
are the valence orbitals of each elements which are of s and p
type. The MA molecule energy levels are too high compared
to Lead and Iodine to participate in charge transport, and do
not appear in the tight binding model, but they provide one
electron per unit cell to the system. This type of Hamiltonian
is very well suited for numerical studies. It can be separated in
three parts, the diagonal elements, the off-diagonal elements,
and the spin orbit elements. The tight binding parameters of
the system without disorder have been fitted19 to be consistent
with MAPI’s ab− initio band structure calculations20,21 , and
are used as a basis for this work.
We consider now the description of the intrinsic thermal
disorder. The spin orbit coupling has a strong impact on
MAPI’s band structure, due to the splitting of the Lead p or-
bitals, but it is a local phenomenon and we assume that it is
not affected by thermal disorder. So we only have to account
for off-diagonal and diagonal disorder. MAPI’s Debye tem-
perature is around 175K22, much lower than room tempera-
ture, and we adopt a classical description for phonons since
we focus mainly on room temperature properties.
The off-diagonal disorder is related to the distance and
overlapping between orbitals. We describe the displacement
of atoms using independent Einstein’s oscillators. In this
model, all atomic displacements are statistically independent,
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2and the potential is treated as harmonic and isotropic, even
though the environment of I is not of cubic symmetry. Such
single particle potentials have been computed from experi-
mental data by Tyson et al.23. For such a model, the dis-
tribution of atomic displacements is a gaussian centered on
zero and of standard deviation
√
kbT/(ω0
√
m) where ω0
is the pulsation, m is the atom’s mass and kbT is the ther-
mal energy. For Lead (Pb) h¯ω0 = 6.4 meV and for Iodine
(I) h¯ω0 = 5.4meV. Once an atomic configuration is set the
hopping parameters are recomputed from the Slater-Koster
relations24 for changes in direction, and via a power law in
(d0/d)2 for changes in distance from d0 to the actual distance
d.
The disorder of the onsite energies is determined by the
electrical potential inside the material. The variation of this
electrical potential with respect to the periodic structure is
caused by the displacement of the charged ions and the ori-
entation of the MA molecules. The contribution of the MA
molecules to the diagonal disorder is found small12 (see sup-
plementary material), and has a negligible effect on mobilities.
Therefore we present results only with diagonal disorder due
to the displacement of Lead and Iodine ions. The displace-
ment of an atom creates a dipole moment which is the product
of the displacement by the Born charge in the considered di-
rection. We use the Born charges computed by Prez-Osorio
et al.6 for the Lead and Iodine atoms. The main contribution
to the electrostatic potential is expected to come from the LO
phonon modes, which energies are in the 10-13 meV range8.
Here we also represent the statistics of the displacements by
using an Einstein model of independent isolated atomic oscil-
lators with an effective phonon pulsation ωE close to 10 meV.
We note that the phonon modes that contribute most to the
diagonal disorder are the LO modes, which represent only a
small portion of the complete set of modes8,25, while the off
diagonal disorder gets contribution from all modes. We thus
assume that both disorders are statistically independent.
From the relation between the dipolar moments ~di, kbT and
ωE , we find (see supplementary material) that the probability
distribution of the dipoles is a Gaussian and that the variable
W = kbT/(εrωE)2 is the parameter that determines the elec-
trostatic potential statistics due to thermal disorder. In the rest
of the paper we fix the temperature to T = 300K, the relative
dielectric constant to εr = 526. We find that the value of ωE
that reproduces best the gap at room temperature is close to
10 meV (see supplementary material) and discuss only the ef-
fect of varying ωE around 10 meV.W increases when disorder
increases, meaning that a decrease of ωE corresponds to an
increase of disorder. Finally we note that the exact structure
and type of defects in MAPbI3 are not fully understood and
some types of disorder that are not described in the present
harmonic model could play a role. Yet the central idea of this
work is that the transport properties are mainly determined by
a single parameter, that describes the strength of disorder and
the scattering rate. Here this parameter is ωE (or W ).
We first present results for ωE = 10 meV showing en-
ergy resolved analysis for the properties of electrons and
holes. Figure 1 shows the density of states (DOS) n(E),
the occupied density of states n(E)exp(−βE), the mobility
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FIG. 1. (Color online) Variations of the carrier mobilities (black), the
density of states (blue), the occupied DOS (red) and the differential
conductivity (green) as a function of energy, near the band edges, for
holes (left) and electrons (right). Except for the mobility the quanti-
ties are normalized (for each type of carrier) such that their integral
is one on the represented energy interval (axis labeled weight)
µ(E) at energy E and the differential conductivity dσ/dE =
µ(E)n(E)exp(−βE). We find that the occupied DOS is im-
portant within a range of about 0.2eV and that states contribut-
ing the most to the transport of current are also within a range
of about 0.2eV but slightly shifted away from the band edges.
The very small mobility close to the band edge is related to
the Urbach’s tail, but it cannot be analyzed with the present
energy resolution that is limited to 10− 20 meV. The typi-
cal value of the mobility for states that contribute most is in
the range 100-200 cm2/Vs which corresponds indeed to the
best experimental mobilities. We note that results for elec-
trons and holes are similar and in the rest of the paper we
discuss only averaged properties of both charge carriers. Fi-
nally we note that the densities of states of both electrons and
holes are very different from the parabolic shape typical of
free particule with an effective mass. This indicates that the
disorder in this model is strong and that the energy broaden-
ing of a state due to the disorder is comparable to its energy,
counted from the band edge. According to the Ioffe-Regel
criterion27 one expects that quantum localization effects are
important and we analyze now more precisely these quantum
effects.
We start our discussion of the quantum localization effects
by considering the Drude-Anderson model18 that was intro-
duced recently and that fits very well the results of the present
numerical study (see supplementary material for the fitted pa-
rameters). Two fundamental quantities for the quantum trans-
port are the mean squared displacement X2(t) (that is com-
puted through the RSKG method) and the velocity correlation
function C(t). They are defined for each type of carrier and
are related by :
1
2
dX2(t)
dt
=
∫ t
0
C(t ′)dt ′, (2)
and the optical terahertz conductivity, σ(ω), (i.e. the real part
of the full complex conductivity) can also be computed from
C(t) or X2(t)18,28. Using the Kubo formalism one can derive
3:
σ(ω) = e2n
tanh(β h¯ω/2)
h¯ω/2
Re
∫ ∞
0
eiωtC(t)dt, (3)
where e and n are the charge and concentration for each carrier
type. Thus the optical terahertz conductivity, contains infor-
mations about the charge carriers dynamics and the temporal
behavior of the spreading of electronic states X2(t).
The Drude-Anderson model consists in assuming a phe-
nomenological expression for the velocity correlation C(t) :
C(t)'CCe−t/τC −CBe−t/τBe−t/τΦ . (4)
The first term on the right corresponds to the standard classi-
cal picture of electronic transport where scattering events lead
to a loss of the memory of the initial velocity on a characteris-
tic time τC. The second term on the right represents a negative
contribution to the velocity correlation function. This corre-
sponds to the backscattering phenomena which is at the heart
of the Anderson localization phenomenon. Physically one
must have τB > τC because the backscattering phenomena oc-
curs after several scattering events. The term e−t/τΦ describes
an exponential damping of the backscattering terms due to de-
phasing processes that do not conserve the charge carrier en-
ergy. In the present case the dephasing of the backscattering
terms is due to the dynamics of the lattice and τΦ is of the or-
der of the period of the LO modes, which are the main source
of scattering, i.e. τΦ ' 1/ωE . In the following we shall dis-
cuss the results by considering mainly the time dependent and
frequency dependent mobilities defined by :
µ˜(t) =
e
kbT
X2(t)
2t
, µ˜(ω) =
σ(ω)
ne
, (5)
where e> 0 is the electron charge and the mobility µ is given
by µ = µ˜(t → ∞) = µ˜(ω → 0). We define also the static
mobility µS and the classical mobility µC by :
µS =
e
kbT
(CCτC−CBτB), µC = ekbT (CCτC). (6)
In the absence of dephasing i.e. by considering the lattice as
static (τΦ→∞) one has µ = µS, and the ratio R= µS/µC is an
indicator of the importance of localization effects. Figure (2)
shows the different regimes of diffusion and the corresponding
optical conductivities. We consider typical regimes of diffu-
sion : one which is classical and presents no localization ef-
fect (R' 1), one which is strongly localized with (R' 0), and
two intermediate cases. At short time there is always a ballis-
tic regime during which the charge carrier moves through the
material without interacting with disorder i.e. µ˜(t) ∝ t. The
end of this regime marks the elastic diffusion mean free time.
This ballistic regime can be followed by a quantum diffusion
regime which happens when disorder becomes strong enough
so that charge carriers become localized, resulting in a drop in
diffusivity and in mobility. Finally at sufficiently large time
the diffusive regime is reached for which X2(t) ∝ t and the
diffusivity and the time dependent mobility µ˜(t) are constant.
For a completely localized system µ˜(t) tends exactly to zero at
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FIG. 2. (Color online) Normalized time dependent mobility µ˜(t)/µC
(left) and normalized frequency dependent mobility µ˜(ω)/µC
(right) for different localization ratio R = µS/µC. The full line cor-
responds to results without dephasing processes and the dashed line
corresponds to results with a dephasing process. Here τB = 2.5τC
and τφ = 8τB .
large times. Finally we emphasize that when the quantum lo-
calization increases the Drude peak is progressively replaced
by a dip in the frequency dependent conductivity (figure (2)
right panel).
In the presence of dephasing processes (i.e. for a finite τΦ),
the mobility µ is the sum of a static contribution µS and of a
contribution due to the lattice dynamics µLD with :
µ = µS+µLD, µLD =
e
kbT
L2(τΦ)
2τΦ
. (7)
Since the dynamics of the lattice tends to break the ef-
fect of quantum localization µLD is positive with L2(τΦ) =
2CBτ2B/(1+τB/τΦ). In the classical limit there is no backscat-
tering CB = 0 and µLD = 0. In the weak-localization regime
there is some backscattering, and µLD gives a correction to the
static mobility µS. In the strongly localized limit µS ' 0 but
transport is still possible thanks to the µLD > 0 term, and in
this limit L2(τΦ) is essentially equal to the localization length
(see supplementary material). The physical picture is that the
charge can diffuse up to a maximum extent which is the lo-
calization length. Then the diffusion stops and can start again
only if a dephasing process breaks the electronic coherence.
In this regime the diffusion coefficient is inversely propor-
tional to the dephasing time. Thus the diffusion is driven by
the lattice dynamics and indeed the diffusion coefficient in-
creases linearly with the vibration frequency ωE ∝ 1/τφ . Let
us emphasize that this regime where diffusion results from
a dephasing process differs from the hopping regime at low
temperature that is thermally activated. We note also that in
this regime of lattice driven diffusion the mobility decreases
when the temperature increases, just as in a band like con-
duction regime. Indeed increasing temperature and therefore
static disorder decreases the localization length and L2(τΦ)
without changing τΦ. From equation 7 this decreases µLD.
The physical picture of the dephasing process corresponds to
the so-called Thouless regime29–32 that is expected to occur
near a metal-insulator transition. It is also equivalent to the
concept of transient localization that has been proposed for
crystalline organic semi-conductors like rubrene33–35.
4We come now to the study of charge carriers mobilities.
By applying the RSKG (Real Space Kubo-Greenwood)14–17
method we perform a study of quantum transport without re-
sorting to perturbative treatment of disorder. This method has
been applied so far only to systems of one and two dimen-
sions. The present calculation is the first application to a three
dimensional system where we use systems containing several
millions of unit cells. This opens new perspectives for the use
of the RSKG method. Since holes and electrons have sim-
ilar mobilities (see figure 1) we present values of the time
dependent mobilities µ˜(t) and optical terahertz conductivities
averaged over electrons and holes. The optical conductivity
reflects the dynamics of the charge diffusion and could bring
much information, but experimental results obtained so far ap-
pear somewhat contradictory36,37. Further experimental stud-
ies are needed and could be compared to the present results.
The model with ωE = 10 meV is the one expected to be
the closest to perfect bulk MAPI, ωE = 12.5meV serving as a
high expectation value, and ωE = 7.5meV being used to de-
scribe a more imperfect MAPI sample with extrinsic disorder.
The Drude-Anderson model fits the data of µ˜(t) very accu-
rately which allows to derive its parameters from the numer-
ical calculation of X2(t). We find that the LO phonon modes
of MAPI limit the mobilities to maximum values of about 200
cm2/(V.s)with µS and µLD contributions that are nearly equal.
Even in this case of relatively high mobility quantum localiza-
tion effects are strong with R ' 0.15 . The elastic mean free
path l =
√
∆X2(τC) is about 20 A˚ (resp. 30 A˚) for ωE = 10
meV (resp. ωE = 12.5 meV). The scattering times τC are
about 8.3 (resp 10.3) Femtoseconds for ωE = 10 meV (resp.
ωE = 12.5 meV). As expected the backscattering times τB are
2-3 times larger than τC (see supplementary material).
The results for ωE = 7.5 meV show the quick increase of
the quantum localization with additional disorder (R' 0.03).
The scattering time is τC ' 2.6 Femtoseconds and a large
portion of the charge carriers states close to the band edges
are strongly localized on a time scale τB ' 8 Femtoseconds,
which is short compared to the phonon period (of about 400
Femtoseconds). Figure (3) shows that for this disorder the mo-
bility is of the order of µ ' 50cm2/V.s with µS ' 10cm2/V.s
and µLD ' 40cm2/V.s.Therefore in this regime the mobility is
dominated by the contribution due to the lattice dynamics. We
note that the RSKG method tends to underestimate the local-
ization so that for these parameters the total mobility should
have an even lower relative contribution from the static mo-
bility.
These results allow to discuss the formation of large po-
larons at room temperature. The coupling constant α '
2− 3 implies the formation of large polarons at low tem-
peratures. The formation energy of the polaron is given by
EPol ' α h¯ωE ' 30 meV10,11. Yet in the high temperature
limit, i.e. above the Debye temperature (175 K in MAPI22),
the phonon modes are thermally excited and this induces a
scattering of electrons and a tendency to erase the polaronic
state. This is shown for example by recent theoretical cal-
culations in the case of CsPbBr338. This scattering remains
delicate to compute with standard polaron theories39,40.The
scattering by thermal vibrations induces an energy broadening
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FIG. 3. (Color online) Mobilities averaged over hole and electron
states. Left Mobility as a function of time for different values of
ωE (full line), and the corresponding fits using the Drude-Anderson
model (black dashed line). The ratio R= µS/µC is obtained from the
fitted parameters. Right Mobilities as a function of frequency calcu-
lated from the Drude-Anderson model. Without dephasing processes
(full line) and with dephasing (dotted line).The zero energy mobility
is equal to µS (without dephasing) or µS+µLD (with dephasing).The
dephasing time is τφ = 7.10−14s.
FIG. 4. Left: Schematic representation of the different type of states
as a function of energy. Region A : diffusion dominated by ther-
mally activated hopping. Region B : diffusion is through the dephas-
ing processes induced by the lattice dynamics. Region C : band-like
diffusion. Right: Schematic representation of the evolution of the
mobility µ = µS+µLD as a function of disorder. Static contribution
µS (black) and lattice driven mobility µLD (grey) are shown.
∆E ' h¯/τ where τ is the electron lifetime due to scattering. In
our case due to the long range nature of the scattering by lon-
gitudinal modes there is forward scattering and τ ≤ τC. Then
for the systems with highest mobility µ ' 200cm2/Vs the en-
ergy broadening is ∆E ≥ h¯/τC ≥ 90 meV. Therefore even for
this less disordered cases the energy broadening due to the
Fro¨hlich scattering is larger than the polaron formation en-
ergy ∆E > EPol . Correlatively the estimated polaron radius of
about 40-50 A˚ is larger than the elastic mean free-path which
is less than 20-30 A˚. This indicates that because of the moder-
ate coupling constant α ' 2−3 the polaron state is erased by
the strong disorder that exists well above the Debye temper-
ature, at room temperature. This justifies the present model
that consist, in a first step, to neglect at high temperature the
action of the charge carrier on the lattice and just retain the
action of the lattice on the charge carrier.
Figure (4) summarizes the scenario that is supported by the
5present study. If we consider first an instantaneous configura-
tion of disorder there are extended states, in region C, that are
separated by a mobility edge from localized states, in regions
B and A. However due to the dynamic disorder even the lo-
calized states can get a finite mobility. For states closest from
the mobility edge (region B), this mobility is induced by the
dephasing process described in this paper. Farther from the
mobility edge (region C) one expects that the diffusion will
be dominated by thermally activated hopping as is usual in
disordered systems. We suggest that the small Urbach energy
(EU ≤ 15meV ) that is measured in MAPbI3 could be related to
this region C. The right panel of figure (4) shows a qualitative
behavior of the mobility µ and of its static µS and dynamic
µLD components when disorder increases.
To conclude this work shows that electrons and holes in
MAPbI3 have similar transport properties. We showed that
the polaronic state is not stable at room temperature and that
the dominant effect is that of Fro¨hlich scattering of electrons
and holes. We expect that other effects like dipolar field of
MA cation or other source of distortion of the lattice are less
important. The emerging picture is that of strong quantum lo-
calization effects due to the Fro¨hlich scattering or to extrinsic
disorder. The quantum localization that we predict in MAPbI3
can appear experimentally similar to a polaronic effect but it
is induced by the strong potential disorder. The maximum
mobility at room temperature is about 200 cm2/(V.s) and we
find that for mobilities below µc ' 50cm2/(V.s) the electronic
diffusion is mainly due to the dynamic disorder. In this pro-
cess states that are localized by the static disorder can diffuse
thanks to the dephasing process induced by the dynamic dis-
order. This differs from the hopping conduction which is a
thermally activated process. We suggest that this mechanism
of electronic diffusion induced by the lattice dynamics, which
has rarely been observed in inorganic semi-conductors, could
be observed more frequently in soft materials like for example
crystalline organic semi-conductors or hybride perovskites.
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7Appendix A: Drude-Anderson Model
1. General relations
One of the focus of our work has been the computation of
the mean squared displacement of charge carrier as a function
of time and energy, X2(E, t). In our formalism this quantity is
defined as
X2(E, t) =
Tr([Xˆ(t)− Xˆ(0)]2δ (E− Hˆ))
Tr(δ (E− Hˆ)) . (A1)
We then compute the thermodynamic average over the density
of states as
X2(t) =
∫ ∞
0 n(E)e
−β (E−µ)X2(E, t)dE∫ ∞
0 n(E)e−β (E−µ)dE
, (A2)
which gives us the average spread through the lattice of a ther-
mally distributed population of charge carriers, and simply re-
lates to the classical diffusion coefficient D and mobility µ ,
D= lim
t→∞
X2(t)
2t
, (A3)
µ =
eD
kbT
. (A4)
Another value of interest, which behaviour we are able to
model more easily is the velocity self correlation function as
a function of time, C(t), which is defined as
C(t) =
1
2
〈Vˆx(t)Vˆx(0)+Vˆx(0)Vˆx(t)〉 . (A5)
It represents the correlation that exist between the velocity of
a charge carrier at time t and it’s initial velocity at t = 0. This
quantity is directly related to the diffusion processes at play in
the material. C(t) and X2(t) are related as
dX2(t)
2dt
=
∫ t
0
C(t ′)dt ′. (A6)
From them we can the derive formulas for the conductivity,
depending on what is more convenient one can use any of the
following forms,
σ(ω) = ne2
tanh(β h¯ω/2)
h¯ω/2
Re
∫ ∞
0
eiωtC(t)dt = neµ(ω),
(A7)
σ(ω) =−ne2ω2 tanh(β h¯ω/2)
h¯ω
Re
∫ ∞
0
eiωtX2(t)dt, (A8)
The correlation function at time t = 0 is classically related to
the effective mass and the temperature as
C(0) = 〈V (0)2〉= kBT
m∗
' 2,3.1014cm2/s2, (A9)
for an effective mass m∗ = 0.2me.
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FIG. 5. (Color online) Left: Velocity self-correlation function as a
function of time for different regimes. Right: Corresponding mean
squared displacement as function of time.
2. Approximation of the Drude-Anderson model
The shape of C(t) is directly related to the interaction
charge carrier have with the lattice. Drude’s model of elec-
tronic transport considers non interacting electrons, moving
through the material via successive collisions with the much
more massive and thus immobile atoms. The average time be-
tween collisions is τ and thus the probability for an electron
to undergo a collision is
dP=
dt
τ
. (A10)
One of Drude’s approximation is that, after a collision, elec-
trons completely loose the memory of their initial velocity,
thus the velocity after the collision is not correlated to the one
before. The evolution over time of self-correlation function of
the velocity,C(t), is thus directly proportional to the probabil-
ity of collision, and we have
dC(t)
dt
=C(t)
dP
dt
=
C(t)
τ
. (A11)
and thus
C(t) =Ce−t/τ , (A12)
With Vˆx(t) = dXˆ(t)/dt. The Drude-Anderson model builds
upon the Drude model by adding the possibility for electron to
backscatter, creating negative correlation with the original ve-
locity after multiple collisions. This corresponds to backscat-
tering which is at the heart of the Anderson localization phe-
nomenon. Thus appears a negative correlation term for char-
acteristic time τB > τC:
C(t) =CCe−t/τC −CBe−t/τBe−t/τφ , (A13)
8ωE(meV ) Cc(1015m2/s2) τc( f s) CB(1015m2/s2) τB( f s)
12.5 1.23 10.3 0.25 31.4
10 1.82 8.28 0.7 18.3
7.5 3.37 2.56 1.02 8.16
TABLE I. Drude-Anderson parameters obtained for the different val-
ues of ωe studied.
Where CD and τC relate to the classical diffusion behaviour,
and CB and τB relate to the backscattering phenomenon, and
τφ describes the effect the de-phasing processes, in our case
the LO phonons, have on localization. These dephasing ef-
fects can be seen simply as a renormalization of τB.
3. Diffusion and conduction in the Drude-Anderson model
Combining this form with A6 gives analytical forms to
X2(t), µ , σ(ω), and the localization length LLOC:
∆X2(t)
2
=CCτ2C(e
−t/τC−1)−CBτ2B(e−t/τB−1)+t(CCτC−CBτB),
(A14)
L2LOC = 2(CBτ
2
B−CCτ2C) = 2CBτ2B(1−
τC
τB
) (A15)
µ =
e
kBT
(CCτC−CBτB) (A16)
σ(ω) = ne2
tanh(β h¯ω/2)
h¯ω/2
(
CCτC
ω2τ2C+1
− CBτB
ω2τ2B+1
). (A17)
Note that we always have CCτC ≥ CBτB and τC ≤ τB and
as such σ(ω) is always positive. In the case of non localized
electrons, CB = 0, and in the case of electrons completely lo-
calized at long times, we have CCτC =CBτB.
Surprisingly the Drude model which totally neglects quan-
tum localization and the present calculations predict compa-
rable scattering times of the order of 10−14s for mobilities in
the range of 100cm2/Vs. This is related to the fact that the
strong electrostatic disorder has two opposite effects. On one
hand the disorder scatters strongly the states and tends to lo-
calize them but on the other hand it leads to a strong mix-
ing of states at band edges with states away from band edges
which have a much larger average square velocity. This in-
creased average square velocity strongly increases the quan-
tum diffusion at short times. This is shown by the coefficient
CC ' 1.82.1015cm2/s2 (see Table I), which is much higher
than found in the Drude model CD ' 2,3.1014cm2/s2 (see
above equation A9 ), and tends to increase when disorder in-
creases.
Appendix B: Modelization of disorder and Impact of the
Methyl-ammonium molecule
1. Parameter W for the statistical distribution of potential
We consider first the distribution for electrostatic potential.
On a given site 0 the potential is the sum of potentials created
by the various dipoles. We note i= (k, l) the global index that
represents the site k and the component l of the dipole.
V (0) =∑
i
1
4piε0εr
qi~di.~ri
r3i
(B1)
We define a rescaled atomic displacement ~Di = ~di/εr then :
V (0) =∑
i
1
4piε0
qi~Di.~ri
r3i
(B2)
Using the stiffness at site i : ki = miω2e the probability dis-
tribution for ~Di is
Pi ∝ exp(−1/2kid2i /kbT ) ∝ exp(−1/2miω2Eε2rD2i /kbT )
(B3)
with W = kbT/(ω2Eε2r )
Pi ∝ exp(−1/2miD2i /W ) (B4)
Therefore the probability distribution of the dipoles de-
pends only on the parameter W = kbT/(ω2Eε2r ).
2. Band gap and parameter ωE
The variation of the hopping integrals due to atomic motion
is found to be significant, of the order of 20% on average.
Although we find that this disorder has little effect on charge
carriers mobility, it has a sizable effect on the band-gap of
MAPI and tends to increase it from 1.6eV (i.e. the value for
the perfect periodic lattice) to 1.8eV. This increase of the gap
is reminiscent of what happens with some distortions or tilts
of the octahedrons41,42. This effect tends to be compensated at
room temperature by the diagonal disorder. The LO phonons
are the source of strong electrostatic potential variation in the
material, of the order of 0.5eV and their impact on charge
carrier mobilities is considerable. Using the atomic potentials
of23 as basis for the motion of atoms, and imposing the band-
gap to be 1.6 eV at room temperature, we find that the value
of ωE for this model is close to 10 meV.
3. Impact of the MA cation on mobilities
We have studied the impact of the MA molecule and com-
pared it to that of the LO phonon modes. We consider a dipole
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FIG. 6. Thermodynamically averaged mobilities as a function of
time for holes (left) and electron (right) for a sample containing only
MA molecules disorder.
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FIG. 7. (Color online) Thermodynamically averaged mobilities for
holes (left) and electrons (right) for different combinations of dis-
order. Previously shown mobilities results for LO phonons with
ωE = 10 are shown in blue, and results obtained when adding the
MA molecules with different εr are shown in green (εr = 5) and red
(εr = 25).
moment of the MA molecule of 2.1D and neglect the corre-
lation in orientation between neighbouring molecules43,44. In
the case of the MA molecule alone, without disorder from the
LO phonon, and in the worst case scenario of εr = 5, we found
that they limit the charge carrier mobilities from around 900
to 1000 cm2/(V.s), in concordance with other studies12.
When looking at the system with both LO phonons and MA
molecules, one need to consider the characteristic times of
these phenomenon. The LO phonon motion happen on time
constants of 0.5ps while the MA molecules have much bigger
time constant of around 10ps. As such the MA molecules are
screened by the phonons and the dielectric permittivity asso-
ciated is expected to be much bigger than 5, up to 25. We
present both cases of εr = 5 and εr = 25. We find that in the
worst case (see Figure 7), MA molecules have a weak effect
on mobilities, and in the most realistic case, have nearly no
effect. It is interesting to note however, that in a classical sce-
nario, when adding disorder of the LO phonon with MA, one
would expect to have the relations :
1
τ
=
1
τLO
+
1
τMA
, (B5)
1
µ
=
1
µLO
+
1
µMA
. (B6)
Considering the mobilities obtained for the disorder separated
from one another (see Figures 6 and 7), this classical relation
predicts mobilities of around 90cm2/(V.s), which is higher
than mobilities of 50cm2/(V.s) computed in Figure 7. This re-
inforces the idea that quantum interferences play a major role
in MAPI, and that the addition of even small quantities of dis-
order to the system tends to quickly localize charge carriers,
and the need for a model that goes beyond the semi-classical
limit.
Furthermore, the addition of the MA molecules can be seen
as a widening of onsite energies distribution. This widen-
ing is well fitted by decreasing the LO phonon energy from
ωE = 10mev to 9.25meV . As such, the MA molecules have
for effect, at best, a renormalization of ωE from the point of
view of transport. Because we chose the value ωE = 10meV to
fit the bandgap of 1.6eV , we believe our value already encases
the effect of the MA molecules.
